Near-field vibro-acoustic transfer function prediction of small close fit enclosure with multiple rotating components by Ma YC & Chin CS
Near-Field Vibro-Acoustic Transfer 
Function Prediction of Small Close Fit 
Enclosure with Multiple Rotating 
Components 
 Yichao Ma1, Cheng Siong Chin2,3*  
 
1 Seagate Singapore Design Center, The Shugart, 26 Ayer Rajah Crescent, Singapore 139944. Email: yichao.ma@seagate.com 
2, Faculty of Science, Agriculture and Engineering, Newcastle University in Singapore, Singapore 599493. 
3School of Automotive Engineering; The State Key Laboratory of Mechanical Transmissions; Chongqing Automotive 
Collaborative Innovation Center, Chongqing University, Chongqing, China, 400044. 
Email: cheng.chin@newcastle.ac.uk (Corresponding author) 
 
Abstract 
The 2.5-inch Hard Disk Drive (HDD) has been used widely in many consumer electronic devices 
including laptop computers. It consists of multiple rotating components such as a spindle motor, a 
voice coil motor, and other mechanical components, that are enclosed in an extra small close fit 
enclosure. The conventional approach of using frequency analysis is unable to identify the sound 
source at the near-field of the small HDD enclosure. A vibroacoustic transfer function (VATF) for 
HDD near-field for random read/write operation was proposed. The VAFT was developed using 
finite element method (FEM) and compared with the experimental results at specific frequencies. 
Good agreement in the results was found between the numerical and experimental data.  The 
method will enable optimization for acoustic at the design stage or an existing device. 
Keywords: vibro-acoustic transfer function; near-field acoustics; small close fit enclosure; 
multiple rotating components; hard disk drive.  
1. Introduction 
In recent years, there is an increasing interest in the acoustic comfort of consumer products that 
consists of mechanical systems. The sound emitted from the mechanical subsystems could affect 
the performance of the consumer product [1].  The previous study shows that the Hard Disk Drive 
(HDD) generates a certain level of sound that could annoy some users [2]. Psychoacoustic 
parameters such as loudness, sharpness, roughness and fluctuation strength were then used to 
predict such noise annoyance [3]. In general, there are two methods used for noise reduction. One 
approach is to reduce the noise level of the source while the other is to isolate the source. It is clear 
that despite the method chosen, the noise source needs to be identified  [4]. The frequency of the 
noise is critical than the location and its amplitude. There are many noise source identification 
methods such as the lattice Boltzmann method [5], the field programmable gate array [6], the 
beam-forming algorithm [7] and the near-field acoustic holography (NAH) method. Among these 
methods, NAH initially developed by Willams EG and Maynard JD et al. [8] was commonly used. 
The method used a microphone array or probes placed close to the structure to reconstruct the 
spatial acoustic field at one frequency or a frequency range [9-11]. As a result, it could identify 
the dominant modes that caused vibration due to the noise source within the structure [12].    
Based on the underlying theory[8], the NAH can be categorized as follows[13]. Statically 
optimal NAH (SONAH)[14-16] computes the different acoustic quantities on the measuring 
surface using the transfer matrix that defined with optimal average accuracy for all the propagating 
waves and weighted evanescent waves [16].  Boundary Element Method (BEM) based NAH [17-
21] used the integral equation to generate the transformation matrix between the measured layer 
and source layer for any arbitrarily shaped model. Depending on the integral equations used, there 
are two types of BEM based NAH. They are namely: direct (Helmholz integral equation)[17-19] 
and indirect formulation (single or double layer of the integral equation)[20]. The Method of Wave 
Superposition (MWS) was proposed by Kopman in 1989[22]. It uses the principle of wave 
superposition to reproduce the surface velocity of the radiator to compute the surface pressure of 
the source strength [22-25]. Helmholtz equation least-squares method (HELS) [26-27] was 
developed from spherical wave expansion theory to obtain the acoustic pressure field of a vibrating 
body. Unlike J. Hon and his team who used NAH for the failure analysis for the gearbox [28], the 
modern HDD has multiple rotating components within an extra small close fit enclosure 
characterized by flexible walls and two electrical motors interacting with other rotating 
components such as disk and head actuator [29]. There are many studies performed on modeling 
such a small enclosure [30-36]. In 1963, Lyon [30] studied noise reduction of the small rigid box 
with only one flexible wall at low frequencies. Li and his team [31] worked on the modeling for 
T-shaped resonators followed by Ruber [32] who studied the sound transmission loss of a small 
enclosure. Oldham and Hillarry [33]developed the analytical models of small close-fitting 
enclosures. The model was able to predict both the low and high frequency sound field across a 
non-uniformed panel. Michael [34] formulated an exceptional acoustic image model for sound 
field inside small enclosures. Tang [35] measured the vibroacoustic performance of a honeycomb 
structure for the close fit enclosure. The vibro-acoustic performance of 3.5-inch HDD [36] in 
which the acoustic results were largely affected by the thermal and windage effect resulting in a 
big gap between the finite-element method and measurement results.  The measurements and 
analytical formulation were not conducted at near-field.  
In summary, most of the studies on the acoustical study were conducted on a larger enclosure 
than the 2.5-inch HDD having only 15 cm3 volume of air in Fig. 1. There are very few studies on 
using NAH methods for actual industrial applications.  Moreover, the vibro-acoustic of the extra 
small close fit enclosure such as HDD is not studied.  This paper attempts to provide an analytical 
vibro-acoustic model to predict the 2.5-inch HDD acoustic performance in the near-field. Hence, 
the main contribution of this paper is the use of near-field acoustic methodology to study the vibro-
acoustic performance of an extra small close fit enclosure with multiple rotating components. The 
proposed method can apply to any small close fit enclosure with multiple rotating components. 
The paper is divided into following sections. The vibro-acoustic transfer function formulation 
is presented in Section 2. The formulation is based on the principle of wave superposition and 
divides the HDD down into four parts namely: HDD point source, casing, spindle motor and head 
actuator. Numerical simulation and experimental validation are performed in Section 3 and 4, 
respectively. The comparative analysis and discussion are discussed in Section 5. Finally, the last 
section concludes the paper as shown in Fig. 2.   
 
Figure 1. Typical 2.5-inch HDD 
  
2. Vibro-Acoustic Transfer Function Formulation 
A typical 2.5-inch HDD comes with the following dimensions: 10 cm (length) × 7 cm (width) 
× 0.7 cm (thickness). 
 
Figure 2. Near field measuring layer above 2.5-inch HDD surface 
 
 The following specifications and assumptions have been made in this study. 
 The spindle motor rotates at 5400 rpm or 90 revolutions per second. It is simulated as a 
point source and denoted with Q(S). 
 The near-field measuring layer is 1cm above the surface of the 2.5-inch HDD. 
 The disk is 65 mm in diameter and 0.635 mm in thickness. A superscript ‘D’ is used. 
 Since 15 cm3 volume of air is very small, the windage sound due to rotating disk will 
not be considered. 
 The Head Stack Actuator (HSA) is a stainless steel part in a triangle shape with an 
average thickness of 0.6 mm. A superscript ‘A’ is used. 
 The Voice Coil Motor (VCM) is a motor that controls the HSA motion. The pivot 
bearing is simulated as another point source and assumed to have a different frequency 
from spindle motor. It denoted as Q(A). 
 The cover and the base are considered as the casing of the HDD. The cover is a thin 
aluminum plate with a constant thickness of 0.35 mm. 
 The clearance between the cover and the disk, as well as that between the cover and the 
HSA, are small. Hence, sound energy due to reflection is minimal and negligible. 
 There is no cancellation effect between two point sources as they have different point 
source strengths.   
 The disk spindle motor (∅(𝐷)), the HDD stationary parts (∅(𝑆)) and the head actuator 
(∅(𝐴)) are used in the vibro-acoustic model analysis. Hence, the total velocity potential 
(∅𝑡𝑜𝑡𝑎𝑙) outside the HDD casing can be estimated as 
∅𝑡𝑜𝑡𝑎𝑙 ≈ 𝐴∅𝑝𝑜𝑖𝑛𝑡 𝑠𝑜𝑢𝑟𝑐𝑒𝑠 + 𝐵∅
(𝑆) + 𝐶∅(𝐷) + 𝐷∅(𝐴) (1) 
where A, B, C, and D are arbitrary weighting functions. The velocity potential (∅) is used for 
convenience that relates to air particle velocity and pressure, 𝑝, as shown.[37] 
?̇? =
𝜕∅
𝜕𝑥
, ?̇? =
𝜕∅
𝜕𝑦
, ?̇? =
𝜕∅
𝜕𝑧
 (2) 
𝑝 = −𝜌
𝜕∅
𝜕𝑡
 (3) 
where ?̇?, ?̇? and ?̇? are the air velocities with respect to the corresponding axes and  𝜌 is the air 
density.  
A. HDD Point sources 
The inhomogeneous wave equation takes the form of (4) 
∇2∅ + 𝑘2∅ + 𝑄 = 0 (4) 
where, 𝑘 is the wavenumber and can be computed as  𝑘 =
𝜔
𝑐
 and 𝑄 is the external sound field in 
this case. It is the sound field due to the point source, and it can be computed by [37].  
𝑄 = 𝑗𝜔𝜌0𝑞 (5) 
where 𝑗 = √−1, 𝜔 is the angular velocity and 𝜔 = 2𝜋𝑓, 𝜌0 is medium density. The analysis refers 
to the air density in the HDD, and 𝑞 is the strength of point source, having a unit of volume velocity 
per unit volume. 
Equation (4) is a second-order differential equation that is difficult to solve. To solve such 
an equation, weighted residual methods have been widely used by many researchers, e.g., T. W. 
Wu [38], P. Goransson [39] and F. Huang [40].  It starts with computing the residual as shown. 
𝑅 = ∫𝑊𝑖(𝑥, 𝑦, 𝑧)(∇
2∅ + 𝑘2∅ + 𝑄)𝑑𝑉
 
𝑉
 (6) 
where R is the residual and 𝑊𝑖(𝑥, 𝑦, 𝑧) is the independent weight function. To minimize the 
residual, i.e., setting 𝑅 → 0, 
∫𝑊𝑖(𝑥, 𝑦, 𝑧)[(∇
2 + 𝑘2)∅ + 𝑄]𝑑𝑉
 
𝑉
= 0 (7) 
Applying Green’s first identity[41] to (7) as shown in Fig. 3 gives,  
∫(∇𝑊𝑖) ∙ (∇∅)𝑑𝑉 − ∫𝑊𝑖𝑘
2∅𝑑𝑉
 
𝑉
 
𝑉
= ∮ 𝑊𝑖(∇𝜑 ∙ 𝐧)dS + ∫𝑊𝑖𝑄𝑑𝑉
 
𝑉
 
𝜕𝑉
 (8) 
 Figure 3. Green’s first Identity 
One can define the outflow over surface S as 𝛾  
𝛾 = ∇𝜑 ∙ 𝐧 (9) 
and  
∅̃(𝑥, 𝑦, 𝑧) = ∑ ∅𝑚𝑁𝑚(𝑥, 𝑦, 𝑧)
𝑀
𝑚=1
 (10) 
where M is the total number of modes, the subscript 𝑚  in ∅𝑚  means the m
th model, and 
𝑁𝑚(𝑥, 𝑦, 𝑧) is its corresponding shape function. 
Many techniques can be used to determine the weight function, one of which is the Galerkin 
Method and has been used by R. J. Astley [42]. In the Galerkin method, the shape function can be 
used as a weight function as shown. 
𝑊𝑖(𝑥, 𝑦, 𝑧) = 𝑁𝑚(𝑥, 𝑦, 𝑧) (11) 
where 𝑚 = 1, 2,… ,𝑀. 
Substituting (9), (10) and (11) into (8) gives, 
∫(∇𝑁𝑛) ∙ (∇ ∑ ∅𝑚𝑁𝑚
𝑀
𝑚=1
)𝑑𝑉 − ∫ 𝑁𝑛𝑘
2 ∑ ∅𝑚𝑁𝑚
𝑀
𝑚=1
𝑑𝑉
 
𝑉
 
𝑉
= ∮ 𝑁𝑛γdS + ∫𝑁𝑛𝑄𝑑𝑉
 
𝑉
 
𝜕𝑉
 
(12) 
The derivatives on ∅ are related to the derivatives of the shape functions 𝑁𝑚 . It can be 
expressed as follows. 
𝜕∅
𝜕𝑥
= ∑ ∅𝑚
𝜕𝑁𝑚
𝜕𝑥
𝑀
𝑚=1
;  
𝜕∅
𝜕𝑦
= ∑ ∅𝑚
𝜕𝑁𝑚
𝜕𝑦
𝑀
𝑚=1
 ;  
𝜕∅
𝜕𝑧
= ∑ ∅𝑚
𝜕𝑁𝑚
𝜕𝑧
𝑀
𝑚=1
 (13) 
∑(∅𝑚
𝑀
𝑚=1
∫∇𝑁𝑚∇𝑁𝑛𝑑𝑉
 
𝑉
− 𝑘2∅𝑚 ∫𝑁𝑚𝑁𝑛𝑑𝑉
 
𝑉
) = ∫𝛾𝑁𝑛𝑑𝐴
 
𝑆
+ ∫𝑄𝑁𝑛𝑑𝑉
 
𝑉
 (14) 
where 𝑛 = 1, 2, … ,𝑁. 
Thus, equation (15) is obtained, 
𝐌𝑎∅̈𝒂 + 𝐊𝑎∅𝒂 = 𝐟𝑎 + 𝐐𝐬𝐨𝐮𝐫𝐜𝐞 (15) 
where 𝐊𝑎  is the 𝑚 × 𝑛  stiffness matrix in acoustic domain, 𝐌𝑎  is the 𝑚 × 𝑛  mass matrix in 
acoustic domain and both 𝐌𝑎 and 𝐊𝑎 are diagonal matrix (Filippi [43], Nehete[44]), 𝐟𝑎 is 𝑛 × 1 
force matrix in acoustic domain, 𝐐𝐬𝐨𝐮𝐫𝐜𝐞  is the acoustic source matrix, and ∅𝒂  is the velocity 
potential matrix.  The details of the matrices used in (15) can be seen in Appendix A1. 
Therefore, equation (15) is the force excitation equation in acoustic domain used in the 
analysis. The schematic diagram of HDD with two point sources can be seen in Fig. 4. 
 
Figure 4. Schematic diagram of HDD internal with two point sources 
Define the boundary condition used in the computation as follows. 
 At 𝑥 = 0 and 𝑥 =  80 mm, 
𝜕∅
𝜕𝑥
= 0; 
 At 𝑦 =  0 and 𝑦 =  67 mm, 
𝜕∅
𝜕𝑦
= 0; 
 At 𝑧 =  0, 
𝜕∅
𝜕𝑧
= 0; 
 At 𝑧 =  5 mm, 
𝜕∅
𝜕𝑧
= 𝛾. 
The superposition is applied to both point sources. Hence, 
𝐐𝐬𝐨𝐮𝐫𝐜𝐞 = 𝑄
(𝐴) + 𝑄(𝑆) = 𝑗𝜔𝜌0[𝑞
(𝐴) + 𝑞(𝑆)] (16) 
The reference by J. Pan[37] also pointed out that the shape function can be written as 
𝑁𝑚(𝑥, 𝑦, 𝑧) = 𝑁𝑎𝑏𝑐(𝑥, 𝑦, 𝑧) = cos
𝑎𝜋𝑥
𝐿𝑥
cos
𝑏𝜋𝑦
𝐿𝑦
cos
𝑐𝜋𝑧
𝐿𝑧
 (17) 
Substituting the dimensions into the above function gives 
𝑁𝑚(𝑥, 𝑦, 𝑧) = 𝑁𝑎𝑏𝑐(𝑥, 𝑦, 𝑧) = cos
𝑎𝜋𝑥
80
cos
𝑏𝜋𝑦
65
cos
𝑐𝜋𝑧
5
 (18) 
The point source can be computed as  
𝐐𝐬𝐨𝐮𝐫𝐜𝐞 = 𝑗𝜔𝜌0[𝑞
(𝐴) cos
𝑎𝜋𝑥(𝐴)
80
cos
𝑏𝜋𝑦(𝐴)
65
cos
𝑐𝜋𝑧(𝐴)
5
+ 𝑞(𝑆) cos
𝑎𝜋𝑥(𝑆)
80
cos
𝑏𝜋𝑦(𝑆)
65
cos
𝑐𝜋𝑧(𝑆)
5
] 
(19) 
From equation (15) one can get 
∅𝑝𝑜𝑖𝑛𝑡 𝑠𝑜𝑢𝑟𝑐𝑒 = (−𝑘
2𝐌𝑎 + 𝐊𝑎)
−1(𝐟𝑎 + 𝐐𝐬𝐨𝐮𝐫𝐜𝐞) (20) 
Equation (20) is used to calculate the velocity potential due to the point sources.  
B. HDD Stationary Parts 
In the HDD drive, there are two major parts, the stationary components and the rotational 
components. The stationary components consist of the spindle motor stator, the die-cast base and 
the cover. Unlike the 3.5” HDD, the market trend for the 2.5-inch HDD is getting a thinner design. 
As a result, the baseplate in the 2.5-inch HDD becomes weaker and become more flexible in the 
HDD. Figure 5 shows the flowchart of the analysis methods. It starts with force excited vibration 
formulation followed by the coupled vibroacoustic formulation.   
 
Figure 5. Flow chart for acoustic analysis of HDD stationary components 
W. Tseng [45] presented their work on the mathematic model of the flexible HDD casing. The 
detail derivation is shown below. The HDD casing is defined in the XYZ coordinate system as 
seen in Fig. 6. The corresponding unit vector is I, J and K. An arbitrary point P is located on the 
casing.  
 
Figure 6. 2.5-inch HDD drive casing with arbitrary point P(left) and finite element model 
without casing via ANSYS (right) 
The displacement of P due to elastic deformation can be written as  
𝑃(?̂?, 𝑡) = ∑ 𝑊𝑛
(𝐶)(?̂?)𝑞𝑛
(𝐶)(𝑡)
∞
𝑛=1
 (21) 
where ?̂? is the position vector of point P, superscript (c) refers to the cover, 𝑊𝑛 is the nth mode 
shape and the corresponding general coordinate is 𝑞𝑛. The Lagrange equation is used to establish 
the relationship between the generalized excitation forces and the generalized displacement. Hence, 
[
𝐼(𝐶) 0 0
0 𝐼(𝐵) 0
0 0 𝐼(𝑃)
] [
?̈?𝑛
(𝐶)
?̈?𝑛
(𝐵)
?̈?𝑛
(𝑃)
] + [
𝜔𝑛
(𝐶)
0 0
0 𝜔𝑛
(𝐵)
0
0 0 𝜔𝑛
(𝑃)
] [
𝑞𝑛
(𝐶)
𝑞𝑛
(𝐵)
𝑞𝑛
(𝑃)
] = [
𝑄𝑛
(𝐶)
𝑄𝑛
(𝐵)
𝑄𝑛
(𝑃)
] 
(22) 
 
The subscript S refers to the structural components and superscript (S) refers to the stationary parts. 
Thus equation (22) becomes 
𝐌𝑺
(𝑺) 
?̈?𝑺
(𝑺) 
+ 𝐊𝑺
(𝑺) 
𝐮𝑺
(𝑺) 
= 𝐅𝑺
(𝑺) 
 (23) 
where 𝐌𝑺
(𝑺) 
is the mass matrix, 𝐊𝑺
(𝑺) 
 is stiffness matrix, 𝐅𝑺
(𝑺) 
 is the force matrix, and 𝐮𝑺
(𝑺) 
 is the 
displacement matrix. The details of the matrices used in (23) can be seen in Appendix A2. 
The force excitation in equation (23) consists of two magnetic forces from two motor systems, 
i.e., the spindle motor and the voice coil motor (VCM). These forces can be obtained using the 
Maxwell stress tensor method [46, 47]. The Maxwell stress tensor method [48, 49] is a useful 
method to compute the electromagnetic forces within the electromechanical boundary deduced 
from the electromagnetic linear and angular momentum balance. 
For spindle motor shown in Fig. 7, the excitation force [47] can be calculated by 
𝑓𝑟𝑎𝑑𝑖𝑎𝑙
(𝑠𝑝)
= ∫(𝑓𝑛 cos 𝜆 + 𝑓𝑡 sin 𝜆)𝑑𝑆
 
𝑆
 
(24) 
𝑓𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙
(𝑠𝑝)
= ∫(−𝑓𝑛 sin 𝜆 + 𝑓𝑡 cos 𝜆)𝑑𝑆
 
𝑆
 
(25) 
𝑓𝑎𝑥𝑖𝑎𝑙
(𝑠𝑝)
= ∫𝑓𝑧𝑑𝑆
 
𝑆
 
(26) 
where the superscript (sp) refers to the spindle motor, 𝑆 is the surface area of a single tooth and 𝜆 
the phase angle from the x-axis in the spindle motor, and 𝑓 is the force. 
 Figure 7. Coordinate frame of spindle motor forces (top) and finite element model by 
ANSYS (bottom) 
 
In the spindle motor, there are several such teeth, hence the motor forces in the direction of 
𝑥, 𝑦 and 𝑧 can be computed by 
𝐹𝑥
(𝑠𝑝)
= ∑(𝑓𝑟𝑎𝑑𝑖𝑎𝑙)𝑖 cos 𝜃𝑖 + (𝑓𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙)𝑖 sin 𝜃𝑖
𝑡𝑛
𝑖
 
(27) 
 
𝐹𝑦
(𝑠𝑝)
= ∑−(𝑓𝑟𝑎𝑑𝑖𝑎𝑙)𝑖 sin 𝜃𝑖 + (𝑓𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙)𝑖 cos 𝜃𝑖
𝑡𝑛
𝑖
 
(28) 
 
𝐹𝑧
(𝑠𝑝)
= ∑(𝑓𝑎𝑥𝑖𝑎𝑙)𝑖
𝑡𝑛
𝑖
 
(29) 
 
𝑇 
(𝑠𝑝) = ∑𝑅(𝑓𝑎𝑥𝑖𝑎𝑙)𝑖
𝑡𝑛
𝑖
 
(30) 
 
where 𝑖 is the specific number of the teeth, 𝑡𝑛 is the total number of the teeth in the spindle motor, 
𝑅 is the radius the motor, 𝜃𝑖  is the angle of 𝑖
𝑡ℎ tooth from the x-axis, and 𝐹𝑥, 𝐹𝑦 and 𝐹𝑧 are the 
spindle motor forces in the x, y and z directions. 
As for the VCM, the magnetic force can be computed using equation (27) to (30). Thus the 
input becomes 
𝐮𝑺
(𝑺) 
= [−𝜔2𝐌𝑺
(𝑺) 
+ 𝐊𝑺
(𝑺) 
]
−𝟏
𝐅𝑺
(𝑺) 
 
(31) 
One can recall,𝛾 = ∇𝜑 ∙ 𝐧  in (9) where 𝛾 is the acoustic particle velocity normal to the 
acoustic domain surface. Nickolas [50] pointed out in their study that the normal particle velocity 
can be equal to the surface velocity, which is normal to acoustic boundary surface. Hence, 
∇𝜑 ∙ 𝐧 = ?̇?𝑺
 ∙ 𝐧 (32) 
Substituting (32) into (9) gives 
𝛾 =  𝑖𝜔𝐮𝑺
(𝑺) 
∙ 𝐧 (33) 
In this case, 𝐐𝐬𝐨𝐮𝐫𝐜𝐞 = 𝟎 as there is no acoustic source in this section. Moreover,  
𝐟𝑎
(𝑺)
= ∫𝛾𝑁𝑛𝑑𝐴
 
𝑆
= ∫  𝑖𝜔𝐮𝑺
(𝑺) 
∙ 𝐧 ∙ 𝑁𝑛𝑑𝐴
 
𝑆
 
(34) 
As a result,  
∅𝑺
(𝑺)
= [−𝜔2𝐌S
(S)
+ 𝐊𝑆
(𝑆)
]
−1
∫ 𝑖𝜔𝐮𝑺
(𝑺) 
∙ 𝐧 ∙ 𝑁𝑛𝑑𝐴
 
𝑆
 
(35) 
 
Equation (35) is used to compute the acoustic velocity potential for the vibration due to the 
force excitation on the HDD stationary parts.   
C. HDD Rotating Disk  
A rotating disk is one of the major rotational parts in the HDD. Its sound radiation 
characteristics can be examined analytically [50]. In 1997, Shen’s group reported the dynamic 
formulation of the rotating disk [51]. This has been followed by many other researchers, e.g., Jiang 
[52], Jang [53], Jintanawa[54] and Yang [55]. In this analysis, a similar method is adapted. 
 
 
Figure 8 Coordinate system of disk spindle system (top) and finite element model by ANSYS 
(bottom) 
Let the fixed frame be XYZ and its unit vectors 𝐼, 𝐽 and ?̂? as shown in Fig. 8. The rocking 
frame on the disk spindle is the moving frame (𝑥𝑦𝑧) and its unit vectors are 𝑖̂, 𝑗̂ and ?̂?. Point G is 
the CG point of the disk. Point A is any point on the disk. The displacement of point A during disk 
operation is 𝑤𝑖?̂?, where ?̂? is the unit vector of the 𝑧 axis. Hence, the equation of motion can be 
derived by using Lagrange’s equation, 
𝑴(𝑫)?̈?(𝑫) + 𝑪(𝑫)?̇?(𝑫) + 𝑲(𝑫)𝒒(𝑫) = 𝑸(𝑫) (36) 
where 𝑴(𝑫) is mass matrix, 𝑪(𝑫) is damping matrix, and 𝑲(𝑫) is stiffness matrix. The details of 
the element used in (35) can be found in Appendix A3.  
Applying the same procedure as in the previous section, ∅(𝐷) can be computed by 
∅
(𝑫)
= [−𝜔2𝐌
(D)
+ 𝐊
(𝐷)
]
−1
∫ 𝑖𝜔𝒒
(𝑫) 
∙ 𝐧 ∙ 𝑁𝑛𝑑𝐴
 
𝑆
 
(37) 
where 𝒒𝑺
(𝑫) 
can be calculated through 
𝒒𝑺
(𝑫) 
= [−𝜔2𝐌
(𝑫) + 𝑖𝜔𝐂
(𝑫) + 𝐊
(𝑫) 
]
−𝟏
𝑸𝑺
(𝑫) 
 
(38) 
where 𝒒𝑺
(𝑫) 
≡ 𝒒(𝑫) and 𝑸𝑺
(𝑫) 
≡ 𝑸(𝑫) in (38). 
D. HDD Head Stack Actuator (HSA) 
The head stack actuator (see Fig. 9) rotates in an angular direction. Unlike the disk that rotates 
in a constraint speed, the speed of the actuator changes over time. The size and thickness are 
smaller and thinner as compared to the disk. In this paper, the acoustic effect due to actuator 
vibration in the Z direction is studied. To simplify the model, the effect due to the rotational 
actuator will not be discussed.  
  
Figure 9. Typical head stack assembly (left) and finite element model by ANSYS (right)  
 
Figure 10. Reference frame for HSA 
As shown in Fig. 10, point 𝐺(𝐴) is the center of gravity of the actuator, 𝑑(𝐴) is any point on 
the actuator, the superscript (A) represents the actuator assembly, 𝑥(𝐴) 𝑦(𝐴)𝑧(𝐴) is the actuator 
coordinating system, ?̂??̂??̂?  is their corresponding unit vector, and XYZ is the fixed frame 
coordinating system similar to that used in the rotating disk. Applying the similar procedure as 
shown for the rotating disk, the equation of motion [56] can be derived as follows. 
𝑴(𝑨)?̈?(𝑨) + 𝑲(𝑨)𝒒(𝑨) = 𝑸(𝑨) (39) 
where 𝑴(𝑨) is the mass matrix and 𝑲(𝑨) is the stiffness matrix. The details of the matrices can be 
seen in Appendix A4. 
The term ∅(𝐴) can be computed by 
∅
(𝑨)
= [−𝜔2𝐌
(A)
+ 𝐊
(𝐴)
]
−1
∫  𝑖𝜔𝒒
(𝑨) 
∙ 𝐧 ∙ 𝑁𝑛𝑑𝐴
 
𝑆
 
(40) 
where 𝒒𝑺
(𝑫) 
can be calculated through 
𝒒𝑺
(𝑨) 
= [−𝜔2𝐌
(𝑨) + 𝐊
(𝑨) 
]
−𝟏
𝑸𝑺
(𝑨) 
 
(40) 
where, 𝒒𝑺
(𝑨) 
≡ 𝒒(𝑨) and 𝑸𝑺
(𝑨) 
≡ 𝑸(𝑨)  in (41) 
3. Experimental Measurements at Near Field 
The far field sound results were presented in the previous study [2] for a 2.5-inch HDD. As 
shown in Figure 11, there exists a few high sound pressure level at 1.28kHz, 2.8kHz, 3.3kHz and 
6.8kHz. 
 Figure 11 Far-field noise spectrogram of 2.5-inch HDD [2] 
 
The acoustic measurement in the near field was conducted in an anechoic chamber in Seagate 
Singapore Design Center. Figure 12 shows the background noise of the chamber. The measuring 
condition was kept as per described in ISO 7779. The chamber temperature was kept at 23±1ºC; 
the humidity level was 50±5%, and the atmospheric pressure was at 1 atmospheric pressure 
throughout all of the measurements.  
 
Figure 12 Background noise of the anechoic chamber measured by B&K 4955 
Figure 13 shows the microphone array setup of the near-field measurement. A total of nine 
B&K 4955 low noise microphones were used and placed evenly at specified locations on the 
aluminum fixture. The 2.5-inch HDD was rested on four EAR ISO dampers to isolate it from the 
table top.  The microphones were placed 1 cm above the HDD top surface. 
 
Figure 13  Setup of the near-field acoustic measurement 
The measured results were obtained and processed using MATLABTM software. Figure 14 shows 
the result with respect to the frequency. The dominant sound was mainly at the disk edge near the 
SATA connector, and arm is moving near to the ramp location at 1.28 kHz. The sound is mainly 
concentrated near to the VCM, arm and rotating the disk at 2.8kHz. The sound was more at the 
disk and VCM at 3.3 kHz while the sound from VCM and arm can be observed in 6.8 kHz.   
 
Figure 14: Results of 2.5-inch HDD acoustic measurement in the near field 
4. Numerical Simulation in the Near Field 
The FEM modal analysis using ANSYS is the standard method used in HDD vibration analysis 
[57-58]. In this study, the simulate method was adapted as shown in Fig. 15. A 3D structural FEM 
model was built to compute the natural frequency (𝜔𝑛) for all the components and the results are 
tabulated in Table 1 
 
Table 1 FEM calculated nathe tural frequency with respect to its corresponding model shape 
  Mode Frequency (Hz) 
Rotating 
Disk at 5400 
rpm 
Disk [0,2] BPM* 1232 
Disk [0,2] FPM* 1592 
Disk [0,3] BPM* 1971 
Disk [0,3] FPM* 2551 
Disk [0,4] BPM* 3246 
Stationary 
parts 
1st mode (Base) 865 
2nd mode (Cover) 1225 
Spindle rocking 780 
Base bending 873 
Base bending Spindle side 1533 
Base 2nd bending 2143 
Head Stack 
Actuator(HSA) 
HSA Rocking 1425 
Arm bending 1945 
*BPM: backward propagation mode; FPM: forward propagation mode 
 
Figure 15. Flowchart of acoustic pressure computation for HDD in random write/read mode via 
vibro-acoustic transfer function 
The HDD VCM and spindle motor FEM model using ANSYS Maxell were constructed based 
on equations (27) to (30). The shape function used in the analytical formulation was used in 
ANSYS.  Table 2 shows the forces used for all the components. The spindle motor force is similar 
to the results obtained from Park’s team [47] motor force without eccentricity. The numerical 
simulation was based on the analytical formulation of a very small enclosed cavity with multiple 
motors and complicated structural vibration of the HDD.     
Table 2. HDD z-directional spindle forces at different frequency. 
 Spindle motor HSA Stationary parts 
Frequency. (Hz) Fz (mN) Fz (mN) Fz (mN) 
1280 5.30E-20 -48.4 48.4 
2800 2.60E-18 -48.4 48.4 
3300 0.05951 -48.4 48.4 
6800 1.30E-10 -48.4 48.4 
The coupled FEM harmonic response models of the stationary parts, rotating disk, HSA and 
point source were then developed with the input from the motor forces. The actuator will change 
its angular displacement over the disk and pose some difficulties to determine the exact current 
input to maintain the actuator at its exact location as compared to the rotating disk that rotates at 
predictable constant rpm. Hence, in this study, the input from the motor forces was used. Figure 
16 shows the schematic diagram of the FEM setup. The HDD was surrounded by the near 
acoustical field that was 1cm away from the HDD, and the calculated pressure level was 1cm 
above the HDD surface. The acoustic boundary was set such that the sound energy from the sound 
source would not reflect. To minimize the computing resource, the size of the acoustic field is 
10cm outside the acoustic at near field. Few studies were conducted using different outer field size, 
but the results showed no significant differences except for the computing time was longer if a 
larger outer acoustic field was used. The final FEM model used has around 65902 nodes and 49503 
elements. Table 3 shows the results of each component at the various frequency.  
  
Figure 16 Side view of HDD (top) and its boundary conditions used in FEM setup (bottom) 
As seen in Fig. 14, the scales are much smaller than FEM due to the forces used in FEM was much 
higher than the actual HDD. A data fitting process was carried out by comparing the simulation 
results with the experimental results (see Figure 14) to determine the value of the arbitrary 
weighting functions. The arbitrary weighting function values are summarized in Table 4. As shown 
in Table 4, the value of A, B, C and D are frequency dependent. The arbitrary weighting functions 
were obtained from different frequency-dependent polynomial. For example, a fourth-order 
frequency dependent polynomial was obtained via curve fitting as seen in Figure 17. The resulting 
arbitrary weighting functions for A at each frequency were tabulated in the first column of Table 
4. Similarly, the remaining arbitrary weighting functions can be obtained using this approach. 
Table 3 FEM component results and final results 
Frequen
cy of 
Interest 
2 Point 
sources 
Stationary 
parts 
Rotating disk HSA Final results 
1.28kHz 
     
2.8kHz 
     
3.3kHz 
     
6.8kHz 
     
 
Table 4 Arbitrary weighting function A, B, C and D at each frequency 
 
Frequency A B C D 
1.28kHz 9.73 × 102 2.43 × 10−8 1.05 × 10−7 2.18 × 10−4 
2.80kHz 1.62 5.98 × 10−9 6.09 × 10−10 7.86 × 10−5 
3.30kHz −5.60 × 10−1 −9.23 × 10−7 1.43 × 10−4 −1.33 × 10−6 
6.80kHz 8.20 5.32 × 10−11 6.56 × 10−7 4.69 × 10−7 
 
 
 Figure 17. Identification of the arbitrary weight function A using a polynomial curve fitting 
method 
 
5. Comparative Analysis and Discussion 
As shown in Table 5, there exist some similarities between the FEM results and experimental 
measurements. For 1.28 kHz and 3.3 kHz, the FEM results and measurement results have a close 
match. The similarity (computed by MATLAB using a Structural Similarity Index on the acoustic 
map without the title and color bar) is around 0.7857 (78.57%). The difference was contributed by 
the resolution of the image obtained from the measurement. In FEM, there were 500 points 
computed. However, only nine points were measured using the microphones. Hence, FEM results 
give a smoother contour than the measurement results that have more sharp edges. Nine ½” 
microphones were used in this measurement, resulting in certain spaces between them. Smaller 
microphones can be used (such as ¼” microphones) to reduce the separation but they tend to have 
undesirable higher self-noise. On the other hand, the FEM results and measurement results were 
approximately 60% similar at 2.8 kHz and 6.8 kHz. In addition, to only nine microphones used in 
the measurement, the interpolation routine in MATLAB gave an image that was different from the 
FEM results.   
However, the problem can be circumvented by using more microphones with smaller size such 
as sixteen quarter-inch microphones or thirty-two 1/8-inch microphones to improve the image 
resolution. Nevertheless, the FEM results provide insight into the actual near-field acoustics 
behavior on HDD at the early design stage. Note that the result was obtained from one drive that 
may need further verification using more drives for variability investigations.   
 
 
 Table 5. FEM vs. measurement results 
 FEM final results Measurement results  
 
 
1.28kHz 
 
 
 
 
2.8kHz 
 
 
 
 
3.3kHz 
 
 
  
6.8kHz 
 
 
6. Conclusions 
This paper developed a vibro-acoustic transfer function (VATF) between the motor forces and 
the near-field acoustic pressure of a HDD. Numerical solution of VATF of the HDD random 
read/write operation was obtained by FEM (using ANSYS software) that used the analytical 
formulation in the paper.  The numerical results showed some correlations with the experimental 
measurements in the near-field. The minimum similarity between the acoustic map captured from 
the experiment and simulation at different frequencies was around 60%. The difference was mainly 
contributed by the resolution of the image captured by the measurement due to the insufficient 
microphones used at the time of the experiments. In summary, the FEM using the analytical model 
of near-field acoustics could determine the acoustics of the HDD at near field. The same approach 
to determine the noise in the near-field can apply to similar consumer electronics. Note that the 
assumptions used in this paper can be different for other applications. 
The future work will focus on developing a systematic approach via a graphical user interface 
to allow the designer to handle a different HDD during the initial acoustical design stage. To 
improve the results, smaller sized microphones or acoustical sensors such as particle velocity 
sensors will be used with more drive samples’ measurement in the near field.  The effect of actuator 
forces will be studied. 
 
 
  
Appendix A1: Matrices for point sources in (15). 
𝐊𝑎 = ∫ ∇𝑁𝑚∇𝑁𝑛𝑑𝑉
 
𝑉
                                         (A1)  
𝐌𝑎 =
1
𝑐2
∫ 𝑁𝑚𝑁𝑛𝑑𝑉
 
𝑉
                                         (A2)  
𝐟𝑎 = ∫ 𝛾𝑁𝑛𝑑𝐴
 
𝑆
                                                (A3)  
𝐐𝐬𝐨𝐮𝐫𝐜𝐞 = ∫ 𝑄𝑁𝑛𝑑𝑉
 
𝑉
                                                (A4)  
∅𝒂 = ∅𝑚                                                   (A5)  
Appendix A2: Matrices for stationary parts in (23). 
The respective matrices can be seen below.  
𝐌𝑺
(S)
= [
𝐼(𝐶) 0 0
0 𝐼(𝐵) 0
0 0 𝐼(𝑃)
]                                      (A6) 
where 𝐼(𝐶), 𝐼(𝐵), 𝐼(𝑃) are identical matrix for cover, base, and pole plates.  
 
𝐊𝑺
 (𝑺)
= [
𝜔𝑛
(𝐶)
0 0
0 𝜔𝑛
(𝐵)
0
0 0 𝜔𝑛
(𝑃)
]                                  (A7) 
where 𝜔𝑛
(𝐶)
, 𝜔𝑛
(𝐵)
, 𝜔𝑛
(𝑃)
 are is the natural frequency for cover, base, and pole plates respectively.  
 
𝐅𝑺
 (𝑺)
= [
𝑄𝑛
(𝐶)
𝑄𝑛
(𝐵)
𝑄𝑛
(𝑃)
]                                                      (A8) 
where  𝑄𝑛
(𝐶)
, 𝑄𝑛
(𝐵)
, 𝑄𝑛
(𝑃)
 are generalized force vectors for cover base and pole plates. 
 
𝐮𝑺
 (𝑺)
= [
𝑞𝑛
(𝐶)
𝑞𝑛
(𝐵)
𝑞𝑛
(𝑃)
]                                                   (A9) 
 
where  𝑞𝑛
(𝐶)
, 𝑞𝑛
(𝐵)
, 𝑞𝑛
(𝑃)
 are generalized displacement vectors for cover base and pole plates. 
Appendix A3: Matrices for rotating disk in (35)  
The respective matrices can be seen below. 
𝑴(𝑫) = 𝒅𝒊𝒂𝒈 {[𝑚(𝐷),𝑚(𝐷), 𝐴(𝐷), 𝐵(𝐷), 𝐶(𝐷), 0, 𝐷(𝐷), 𝐼1
(𝐷)𝑏𝑚
(𝐷), 𝐸(𝐷), 𝐼1
(𝐷)]}  (A10) 
𝑪(𝑫) = 𝒅𝒊𝒂𝒈 {[0, 0, 𝐼1
(𝐷)𝑏𝑚
(𝐷), −𝐼1
(𝐷)𝑎𝑚
(𝐷), 𝐼1
(𝐷)𝑎𝑚
(𝐷), 𝐹(𝐷), −𝐹(𝐷)𝑎𝑚
(𝐷), 𝐹(𝐷)𝑏𝑚
(𝐷), 𝐹(𝐷)𝑎𝑚
(𝐷), 𝐼1
(𝐷)]}  
(A11) 
𝑲(𝑫) = 𝒅𝒊𝒂𝒈 {[0, 0,0,0,0,−𝐹(𝐷), 0,0,0, 𝐼1
(𝐷) ∑ ∑ 𝑤𝑚𝑛
(𝐷)(𝑟𝐴, 𝛼)
∞
𝑛=−∞
∞
𝑚=0 ]}          (A12) 
where 
𝐴(𝐷) = 𝑚(𝐷) + ∑ 𝐼1
(𝐷)𝑏𝑚
(𝐷) ∞𝑚=0                           (A13) 
𝐵(𝐷) = 𝐼1
(𝐷) − 𝐼1
(𝐷)𝑏𝑚
(𝐷) + ∑ (𝐼1
(𝐷)𝑎𝑚
(𝐷) − 𝜔3𝐼1
(𝐷)𝑎𝑚
(𝐷))∞𝑚=0           (A14) 
𝐶(𝐷) = 𝐼1
(𝐷) + 𝐼1
(𝐷)𝑏𝑚
(𝐷) + ∑ (𝐼1
(𝐷)𝑎𝑚
(𝐷) − 𝜔3𝐼1
(𝐷)𝑎𝑚
(𝐷))∞𝑚=0           (A15) 
𝐷(𝐷) = ∑ 𝐼1
(𝐷)𝑎𝑚
(𝐷) − 𝜔3 ∑ 𝐼1
(𝐷)𝑎𝑚
(𝐷)∞
𝑚=0
∞
𝑚=0                     (A16) 
𝐸(𝐷) = ∑ 𝐼1
(𝐷)𝑎𝑚
(𝐷) − 𝜔3 ∑ 𝐼1
(𝐷)𝑎𝑚
(𝐷)∞
𝑚=0
∞
𝑚=0                      (A17) 
𝐹(𝐷) =  𝑛𝜔3𝐼1
(𝐷)                                                (A18) 
𝑎𝑚
(𝐷)
=
𝜌(𝐷)𝜋ℎ(𝐷)
𝐼1
(𝐷) ∫𝑅𝑚,1
(𝐷)(𝑟) sin𝛼 𝑟𝐴
2𝑑𝑟 𝑑𝛼                               (A19) 
𝑏𝑚
(𝐷)
=
2𝜋𝜌(𝐷)ℎ
𝐼1
(𝐷) ∫𝑅𝑚0
(𝐷)(𝑟)𝑑𝑟                                            (A20) 
And the general displacement and the corresponding general force can be identified as 
𝒒(𝑫) =
[
 
 
 
 
 
 
 
 
 
𝑅𝑥
𝑅𝑦
𝑅𝑧
𝜃𝑥
𝜃𝑦
𝑞𝑚,−𝑛
𝑞𝑚,−1
𝑞𝑚,0
𝑞𝑚,1
𝑞𝑚𝑛 ]
 
 
 
 
 
 
 
 
 
 and 𝑸(𝑫) =
[
 
 
 
 
 
 
 
 
 
 
𝐹𝑥
𝐹𝑦
𝐹𝑧
𝑀𝑥
𝑀𝑦
𝑄𝑚,−𝑛
𝑄𝑚,−1
𝑄𝑚,0
𝑄𝑚,1
𝑄𝑚𝑛 ]
 
 
 
 
 
 
 
 
 
 
 
   
(A21) 
Appendix A4: Matrices for head stack actuator in (38) 
The respective matrices can be seen below. 
𝑴(𝑨) = 𝒅𝒊𝒂𝒈{[𝑚(𝐴),𝑚(𝐴), 𝐴(𝐴), 𝐵(𝐴), 𝐶(𝐴), 𝐷(𝐴)]}               (A22) 
𝑲(𝑫) = 𝑑𝑖𝑎𝑔{[0, 0,0,0,0, 𝐸(𝐴)]}                                  (A23) 
where 
𝐴(𝐴) = 𝑚(𝐴) + 𝑏𝑚𝑛
(𝐴)
                                                (A24) 
𝐵(𝐴) = 𝐼1
(𝐴) + 𝑟𝑠 sin 𝜀 ∑ ∑ 𝑏𝑚𝑛
(𝐴)∞
𝑛=−∞
∞
𝑚=0                            (A25) 
𝐶(𝐴) = 𝐼1
(𝐴) − 𝑟𝑠 cos 𝜀 ∑ ∑ 𝑏𝑚𝑛
(𝐴)∞
𝑛=−∞
∞
𝑚=0                                  (A26) 
𝐷(𝐴) = ∑ ∑ [𝐼1
(𝐴) + 𝑏𝑚𝑛
(𝐴) (?̈?𝑥
(𝐴)𝑟𝑠 sin 𝜀 − ?̈?𝑦
(𝐴)𝑟𝑠 cos 𝜀)]
∞
𝑛=−∞
∞
𝑚=0              (A27) 
𝐸(𝐴) = ∑ ∑ 𝐼1
(𝐴)𝑤𝑚𝑛
(𝐴)(𝑟𝑠, 𝜀)
∞
𝑛=−∞
∞
𝑚=0                                (A28) 
Moreover, the general displacement and the corresponding general force can be identified 
as 
𝒒(𝑨) =
[
 
 
 
 
 
 
 
 𝑅𝑋
(𝐴)
𝑅𝑌
(𝐴)
𝑅𝑍
(𝐴)
𝜃𝑥
(𝐴)
𝜃𝑦
(𝐴)
𝑞𝑚𝑛
(𝐴)(𝑡)]
 
 
 
 
 
 
 
 
 and 𝑸(𝑨) =
[
 
 
 
 
 
 
 
 𝐹𝑋
(𝐴)
𝐹𝑌
(𝐴)
𝐹𝑍
(𝐴)
𝑀𝑥
(𝐴)
𝑀𝑦
(𝐴)
𝑄𝑚𝑛
(𝐴)(𝑡)]
 
 
 
 
 
 
 
 
                     
                     
(A29) 
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